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PERSPECTIVE
On a roll for new TRF targets
Jaime H. Reina and Nouria Hernandez1
Center for Integrative Genomics (CIG), Génopode Building, Faculty of Biology and Medicine, University of Lausanne,
1015 Lausanne, Switzerland
In the early 1990s, one of us wrote in these pages a re-
view entitled “TBP, a universal transcription factor?”
(Hernandez 1993). At the time, it had become clear that
the TATA-box-binding protein TBP was not a transcrip-
tion factor exclusively involved in transcription from
RNA polymerase II (pol II) promoters as had been
thought before, but rather a factor involved in transcrip-
tion by all three main types of eukaryotic nuclear RNA
polymerases. In retrospect, however, the question mark
at the end of the title was a wise touch! Indeed, shortly
thereafter, the first TBP-related factor, TRF1, was de-
scribed (Crowley et al. 1993). Since then, two more TRFs
have been discovered (for review, see Berk 2000; David-
son 2003; Hochheimer and Tjian 2003), and it was found
that some genes dispense with TBP and TRFs altogether
(Wieczorek et al. 1998). This “expansion” of TBP into a
TBP family of proteins begs the question of which pro-
moters are targeted by which TBP family member. In
this issue of Genes & Development, Isogai et al. (2007a)
report that the TATA-less histone H1 promoter is regu-
lated by TRF2. This provides a possible mechanism for
earlier observations linking TRF2 with chromatin struc-
ture (Martianov et al. 2002; Kopytova et al. 2006). Fur-
thermore, the identification by Isogai et al. (2007a) of a
large number of TRF2-bound sites in the Drosophila ge-
nome helps to establish Drosophila TRF2 as a broadly
used core-promoter factor.
Among the three classes of TBP-related factors de-
scribed so far, TRF2—also called TBP-like protein (TLP)
or TBP-like factor (TLF)—is the only one to be widely
present in metazoans (Ohbayashi et al. 1999; Kaltenbach
et al. 2000; Veenstra et al. 2000). TRF1 has been found
only in Drosophila and Anopheles (Crowley et al. 1993;
Isogai et al. 2007b), and TRF3 is restricted to vertebrates
(Persengiev et al. 2003). All three proteins contain a core
domain related to the TBP C-terminal core domain, and
some also contain variable N- and C-terminal domains.
TRF1
TRF1 was discovered in a genetic screen for flies with a
shaker phenotype, which is generally attributed to ner-
vous system defects. In situ staining showed TRF1 to be
ubiquitously expressed but differentially up-regulated in
the CNS and gonads during the early stages of embryonal
development (Hansen et al. 1997). TRF1 shares 63%
identity with TBP within the repeats in the C-terminal
core domain (Rabenstein et al. 1999; Persengiev et al.
2003). In vitro, TRF1 can bind to TATA boxes, associate
with both TFIIA and TFIIB, and efficiently replace TBP
in transcription from a TATA-box-containing promoter
(Hansen et al. 1997). Moreover, it can direct transcrip-
tion from an alternate upstream promoter in the tudor
gene, binding—together with TFIIA and TFIIB—to a TC-
rich sequence (Fig. 1A).
Although TRF1 was first described in association with
several polypeptides in a >500-kDa multiprotein com-
plex (Hansen et al. 1997), later work showed that the
majority of TRF1 (>90%) is in fact associated with the
Drosophila homolog of the TFIIB-related pol III tran-
scription factor, Brf1 (Dm-Brf1), in a 300-kDa complex
(Takada et al. 2000). Indeed, immunodepletions of either
TBP or TRF1 from aDrosophila Schneider line-2 (S2) cell
transcription extract combined with in vitro transcrip-
tion assays showed that TRF1, but not TBP, directs tran-
scription by pol III. Genome-wide chromatin immuno-
precipitation (ChIP) experiments confirmed that TRF1 is
mostly a pol III transcription factor. Thus, these experi-
ments identified some TRF1 targets as pol II promoters
devoid of Brf1, supporting the idea that TRF1 is involved
in transcription of a small subset of pol II genes whose
defective transcription was perhaps responsible for the
original shaker phenotype. However, most TRF1 targets
were pol III promoters that also bound Brf1 (see Fig. 1;
Isogai et al. 2007b). In Drosophila cells, then, the TFIIIB
activity, which is the key factor responsible for pol III
recruitment (for a review, see Schramm and Hernandez
2002), contains Brf1 and TRF1, whereas in yeast it con-
tains Brf1 and TBP. Moreover, human cells contain two
TFIIIB activities involved in transcription of distinct
classes of pol III genes, one corresponding to yeast TFIIIB
containing human Brf1 and TBP, and a second one in
which Brf1 is replaced by another TFIIB-related factor
called Brf2 (Teichmann et al. 1999; Schramm et al. 2000).
It seems likely that there are many more, so far unsus-
pected variations of the basal pol III transcription ma-
chinery.
TRF3
TRF3, the most recently discovered TRF, has been char-
acterized in human (Persengiev et al. 2003), mouse
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(Deato and Tjian 2007), and Xenopus (Jallow et al. 2004)
cells, and corresponding expressed sequence tags (ESTs)
have also been identified in fish and other vertebrates. It
is the TRF most closely related to TBP and it is broadly
expressed in different cell types (Persengiev et al. 2003).
Like TBP and TRF1, TRF3 is able to bind to TATA boxes
together with TFIIA and TFIIB, and it can promote tran-
scription in vitro from TATA-box-containing promoters
(Bartfai et al. 2004; Jallow et al. 2004). It is essential for
embryogenesis in Xenopus and zebrafish (Bartfai et al.
2004; Jallow et al. 2004). In a recent study using the
mouse myoblast cell line C2C12 (which can be differen-
tiated into myotubes), as well as primary myoblasts from
newborn mice and myofibers from adult mice, TRF3 was
shown to form a 150- to 200-kDa complex with TBP-
associated factor 3 (TAF3). Remarkably, this complex re-
places the canonical TFIID complex in myotubes, which
appear nearly devoid of TFIID (see Fig. 1B), and is re-
quired for differentation of C2C12 myoblasts into myo-
tubes (Deato and Tjian 2007). Moreover, the TRF3–TAF3
complex is enriched on the Myogenin promoter in
C2C12 myotubes as compared with C2C12 myoblasts,
and appears on this promoter within 24 h of differentia-
tion induction. Thus, differentiation of muscle cells is
accompanied by a general depletion of TFIID and re-
placement, at least at some key promoters, by TRF3–
TAF3. This raises the possibility that the replacement of
TFIID with TRF3–TAF3 is a more general feature of dif-
ferentiating cells, and that TBP-containing complexes
involved in pol I and pol III transcription in actively di-
Figure 1. Targets of TBP and TRFs in Drosophila and
vertebrates. (A) Schematic depiction of various promot-
ers in Drosophila. (TBP panel) A pol II promoter con-
taining a TATA-box (yellow) with bound TFIID up-
stream of the transcription start site (arrow). (TRF1
panel, top model) A pol III promoter with the TRF1–
Brf1 complex bound to a region (green) upstream of the
start site (binding to this region is mediated by acces-
sory factors such as TFIIIA and/or TFIIIC, not shown
here). (TRF1 panel, bottom model) The tudor gene tan-
dem promoters with a TRF1–TAFs complex bound to a
TC-rich element (blue) to direct transcription from an
upstream start site, and TFIID bound to a TATA-box to
direct transcription from the downstream start site.
(TRF2 panel) The tandem PCNA promoters with DREF
associated with TRF2 and other polypeptides—in par-
ticular, some subunits also present in the NURF com-
plex, bound to a DRE (purple) to direct transcription
from an upstream start site, and TFIID bound to the
TATA-less downstream promoter to direct transcrip-
tion from a downstream site. (B) Schematic depiction of
various promoters in vertebrates. (TBP panel) A pol II
promoter containing a TATA-box (yellow) with bound
TFIID upstream of the transcription start site. (TRF3
panel, top model) A promoter from a gene involved in
embryogenesis with the TRF3–TAFs complex bound to
a TATA-box (yellow). (TRF3 panel, bottom model) A
promoter from a gene such as myogenin required for
muscle differentiation bound by a TRF3–TAF3 com-
plex, which replaces TFIID during myogenesis. (TRF2
panel, topmodel) The TATA-lessNF-1 promoter with a
TRF2–TFIIA complex containing perhaps additional
polypeptides bound to an undefined promoter element
(blue). (TRF2 panel, bottom model) A promoter from a
gene involved in gametogenesis with a TRF2–TFIIA/
ALF complex containing perhaps additional polpeptides
bound to an undefined promoter element (blue). (C)
Newly identified Drosophila TRF2 targets. The top
panel shows the Drosophila histone gene cluster: the
core-histone genes H2A, H2B, H3, and H4 with TFIID
bound to the TATA-box (yellow), and the linker histone
H1 TATA-less gene with a TRF2 complex containing
TFIIA and perhaps other polypeptides bound to a TC-
rich region (blue). The bottom panel shows riboprotein
gene promoters with TRF2 and hypothetical TAFs
bound to an undefined promoter element (blue).
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viding cells may also be replaced by other, perhaps TRF3-
containing, complexes (Deato and Tjian 2007).
TRF2
TRF2 was discovered by analysis of ESTs by several
groups and, accordingly, variously named TRF2 (Raben-
stein et al. 1999; Teichmann et al. 1999), TRF (Mal-
donado 1999), TLP (Ohbayashi et al. 1999, 2001), TLF
(Kaltenbach et al. 2000; Veenstra et al. 2000), or TBP-
related protein (TRP) (Moore et al. 1999). Sequence align-
ments and phylogenetic analyses indicate that the
TRF2s from a number of metazoans group together in a
family that is more distantly related to TBP than TRF1
(Dantonel et al. 1999). As a family, the TRF2s are less
conserved than the TBPs: The TRF2 core domains are
∼40% identical to TBP core domains, but TRF2 core do-
mains are 40%–45% identical among metazoans,
whereas TBP core domains are 80% identical from yeast
to human (Dantonel et al. 2000). Although the high
structural similarity (∼60%) between TRF2 and TBP core
domains suggests that they adopt the same saddle-like
structure, the TBP residues required for TATA-box bind-
ing are not conserved in TRF2, suggesting that TRF2
requires other elements to bind DNA (see Berk 2000 and
references therein). Indeed, TRF2 does not detectably
bind to TATA boxes in vitro (Moore et al. 1999; Raben-
stein et al. 1999; Teichmann et al. 1999). It does, how-
ever, associate with TFIIA and TFIIB (Moore et al. 1999),
and in fact is found complexed with TFIIA in a HeLa cell
line expressing a tagged TRF2, and with TFIIA-like factor
(ALF), a TFIIA paralog expressed in male germ cells
(Teichmann et al. 1999; Catena et al. 2005; Kopytova et
al. 2006). TRF2 is unable to replace TBP or TFIID func-
tion in basal or activated pol II transcription in vitro.
Rather, it can inhibit TBP and TFIID-mediated transcrip-
tion in such assays, probably in part by sequestering
TFIIA (Moore et al. 1999; Teichmann et al. 1999; Naka-
dai et al. 2004). Moreover, it cannot replace TBP for pol
III transcription in extracts from human cells, at least for
those genes that recruit the Brf1-containing TFIIIB activ-
ity (Teichmann et al. 1999).
Which, then, are the targets of TRF2?
The first TRF2 targets were identified as a result of co-
immunoprecipitation studies, in which Drosophila
TRF2 was found to associate with as many as 18 poly-
peptides, among them a few components of the NURF
remodeling complex, including the catalytic ATPase
subunit ISWI and the DNA replication-related element-
binding factor (DREF) (Hochheimer et al. 2002). DREF
was known to be involved in the regulation of cell cycle
and cell proliferation genes such as the proliferating cell
nuclear antigen (PCNA) gene by binding to the DRE (Hi-
rose et al. 1993). In vitro and in cell assays then estab-
lished that the PCNA gene contains two different tran-
scription start sites: a downstream start site controlled
by the TFIID complex through a TATA-less element,
and an upstream start site controlled by the TRF2/DREF
complex through a DRE (see Fig. 1; Hochheimer et al.
2002). Interestingly, a computational analysis identified
the DRE as one of the prevalent core-promoter motifs in
the Drosophila genome, raising the possibility that the
TRF2/DREF-containing complex controls a large group
of promoters (Ohler et al. 2002; Tomancak et al. 2002).
As described below, this is indeed most probably the case.
In human cells, overexpression of TRF2 was found to
activate transcription of the TATA-less neurofibromato-
sis type 1 gene (NF-1). This effect was dependent on its
ability to bind TFIIA as determined by overexpression of
a mutant TRF2 unable to bind to TFIIA. Reciprocally,
overexpression of TRF2 repressed transcription from the
TATA-box-containing c-fos gene, probably by sequester-
ing TFIIA (Chong et al. 2005). Similarly, chicken TRF2
was shown to inhibit transcription from TATA-box-con-
taining promoters while stimulating transcription from
TATA-less promoters, and mouse TRF2 to inhibit tran-
scription of the wee1 gene, in both cases again in a man-
ner dependent on TRF2’s ability to bind to TFIIA (Oh-
bayashi et al. 2003; Tanaka et al. 2007).
TRF2 targets the histone H1 gene within the histone
gene cluster
In invertebrates, the genes encoding the replication-
dependent core histone proteins H2A, H2B, H3, and H4,
as well as the linker histone H1 are organized in tandem
repeats that can number up to ∼100 copies per haploid
genome. In higher eukaryotes the organization is differ-
ent in that the histone genes are more dispersed even
though some clusters occur, and the number of copies
per haploid genome is lower (for review, see Osley 1991).
These five histones genes are transcribed by pol II, but
they lack introns and polyadenylation sites, such that
the pre-mRNAs are neither spliced nor polyadenylated.
Rather, they terminate with a well-conserved stem-and-
loop structure that regulates their maturation, transla-
tion, and stability (Marzluff 2005).
In this issue, Isogai, et al. (2007a) report the identifi-
cation of histone H1 as a target of TRF2, suggesting that
histone genes within a cluster can be differentially regu-
lated by selective usage of different core transcriptional
machineries. In polytene chromosome stainings with an-
tibodies against TBP or TRF2, they noticed that the two
proteins displayed a largely distinct pattern of occupancy
except for a locus proximal to the chromocenter, where
TBP and TRF2 colocalized. The localization of TRF2 to
this locus appeared DREF independent, as no DREF
could be detected. The cytological location suggested
that the locus might correspond to the histone gene clus-
ter, which in Drosophila contains about a hundred cop-
ies of the histone genes, a hypothesis that could be con-
firmed by fluorescent in situ hybridization (FISH). Indeed,
in cultured interphase cells, the histone gene cluster is
known to localize to a structure called the histone locus
body (HLB) (Liu et al. 2006). Immunostaining of Dro-
sophila S2 and Kc cells confirmed that TBP and TRF2
colocalize to a structure also stained by an anti-2,2,7-
trimethyl guanosine antibody, an antibody recognizing
the cap structure of small nuclear RNAs marking the
New targets for TRFs
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HLB (Liu et al. 2006). ChIPs with synchronized S-phase
cells then showed selective binding of TBP and TAF2, a
TFIID subunit, to the core histone gene promoters and
TRF2 to the H1 promoter. In contrast, pol II and TFIIA
were present on all five promoters. Pol II and, to a lesser
extent, TBP were preferentially bound to core histone
promoters during S phase, whereas TRF2 was bound to
the H1 promoter during all phases of the cell cycle. Un-
fortunately, the TFIIA status during the cell cycle was
not determined.
The functional significance of TRF2 localization on
the H1 promoter was addressed by RNA interference
(RNAi) and rescue experiments in S2 cells. These experi-
ments showed that depletion of TRF2, but not TBP or
the TFIID subunit TAF5, reduced both endogenous his-
tone H1 mRNA levels and the activity of a histone H1-
promoter reporter construct. Moreover, the activity
could be restored by inducible expression of a tagged
TRF2 protein. Depletion of DREF had a muchmore mod-
est effect, which, given the absence of DREs in the his-
tone cluster, are attributed to indirect effects. Mapping
of cis-elements required for TRF2-dependent histone H1
transcription identified a critical TC-rich element be-
tween −55 and −40, although the element does not ap-
pear to be recognized by TRF2 alone. Thus, the TATA-
less histone H1 promoter is an example of a promoter
uniquely regulated by TRF2 and not by TBP.
Genome-wide screening for sites occupied by TRF2,
TBP, and pol II in S2 cells was then undertaken. ChIP-
on-chip experiments revealed more than a thousand sites
occupied by TRF2, 60% of which were also occupied by
pol II. TBP and TRF2 sites were interspersed in most of
the genome except for chromosome 4, which showed
only four TRF2 sites and 95 TBP sites, most of them,
curiously, devoid of pol II. Although the majority of
TRF2-occupied sites were nonoverlapping with TBP-oc-
cupied sites, 20% did overlap, suggesting that tandem
promoters of the PCNA type are quite frequent in the
Drosophila genome. Interestingly, among the TRF2 tar-
gets is a cluster of ribosomal protein genes that are prob-
ably coregulated. Analysis of the TRF2-occupied core
promoters for the presence of sequence motifs revealed
that TRF2 targets are mostly devoid of TATA boxes and
enriched forDREs, the binding site for DREF (see above),
but no other striking motif localized at a fixed distance
from the transcription start site was identified. Alto-
gether, this analysis reveals that a large number of genes
in the Drosophila genome are probably controlled by
TRF2 rather than TBP.
Consistent with a broad role of TRF2, TRF2-deficient
flies are not viable, and partial TRF2 inactivation leads
to various defects such as impaired premeiotic chroma-
tin condensation and differentiation of male and female
germ cells (Kopytova et al. 2006; Shima et al. 2007). To
gain further insight into the role of TRF2 in vivo, Isogai
et al. (2007a) used RNAi to decrease TRF2 levels specifi-
cally in salivary glands. The embryos developed nor-
mally up to the third instar larval stage (L3), but then
failed to pupate or died during pupal stages.
TRF2-depleted salivary glands of L3 embryos were
much smaller than normal, an effect due to reduced cell
size rather than reduced cell number. The chromatin
structure of polytene chromosomes was severely dis-
rupted, with a lack of clear banding pattern and numer-
ous regions of thin chromatin fibers suggestive of im-
properly condensed chromatin, and this was correlated
with much reduced levels of both histone H1mRNA and
protein. Moreover, the expression of a dozen ribosomal
protein genes identified as TRF2 targets in the genome-
wide survey was much diminished, which may relate to
the defect in cell size. Curiously, however, expression
from the PCNA promoter was unaffected, suggesting
that the TBP-dependent downstream PCNA core pro-
moter is sufficient for efficient PCNA expression in the
absence of TRF2.
The identification of the histone H1 genes as genes
regulated by TRF2 is remarkable, given that these genes
are located within a cluster of core histone genes, all
regulated by TBP. This selective use of different basal-
promoter factors probably confers to the cell a mecha-
nism by which to alter the ratio of core and linker his-
tones and thus regulate some aspects of chromatin struc-
ture. Indeed, the observation that TRF2 depletion leads
to both reduced amounts of histone H1 and altered poly-
tene chromosomes provides further evidence that vary-
ing levels of histone H1 can have dramatic effects on
chromatin structure (Fan et al. 2005).
The identification of more than a thousand sites
bound by TRF2 in the Drosophila genome establishes
Drosophila TRF2 as a major regulator of TATA-less pro-
moters. This is consistent with studies in nematode, fly,
fish, and frog, where inactivation of TRF2 results in a
block in embryonic development and lethality (Dantonel
et al. 2000; Kaltenbach et al. 2000; Veenstra et al. 2000;
Bartfai et al. 2004; Kopytova et al. 2006). However, inac-
tivation of TRF2 in the mouse has no major detrimental
effects except for male sterility, resulting from impaired
spermiogenesis (Zhang et al. 2001). Extensive cytological
analysis of these null mice revealed a defect in chroma-
tin condensation in early spermatids, suggesting a func-
tion of TRF2 in chromatin organization, in particular in
the formation of chromocenter structures (Martianov et
al. 2002). Is TRF2 then only involved in the expression of
a small group of genes in mouse and other mammalian
cells? This is possible; indeed, the precedent of TBP,
which in insect cells does not participate in pol III tran-
scription, illustrates how members of the TBP family
can perform different functions in different species. An-
other possibility is that TRF2 does in fact regulate tran-
scription of a large number of genes in mammalian cells,
but that its function can be taken over by TBP when it is
missing.
In the last 15 years, we have come to realize that the
pol II basal transcription machinery is much more varied
than was originally thought. It is likely that such varia-
tion will extend to the pol I and pol III basal machineries,
which have been, so far, studied mostly in cell-free ex-
tracts and cultured cells. Indeed, it seems that nature
does not neglect any mechanism that can lead to added
levels of regulation!
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